Abstract. In an earlier study, we found that individuals with patent infection had significantly higher IgG antibody titers to the 19-kD C-terminal region of Plasmodium vivax merozoite surface protein 1 (PvMSP1) than individuals treated for malaria 1-4 months earlier. These results suggested that the antibody levels decreased rapidly following treatment. The present study was designed to determine the persistence of antibody response to the N-and C-terminal regions of PvMSP1 after infection with P. vivax in individuals from the city of Bélem in northern Brazil. Our results demonstrated that the vast majority of individuals had a significant decrease in antibody titers to the C-terminal region of PvMSP1 in a period of two months following treatment. Among responders to the C-terminal region, 44.4% became serologically negative and 44.4% had their antibody titers reduced by an average of 13-fold. Only 11.2% of the individuals had their antibody titers maintained or slightly increased during that period. A decrease in the antibody response to the recombinant protein representing the N-terminal region of PvMSP1 was also noted; however, it was not as dramatic. The rapid decrease in the antibody levels to the C-terminal region of PvMSP1 might contribute to the high risk of reinfection in these individuals.
Plasmodium vivax is the second most prevalent species that causes malaria in humans and accounts for approximately 35 millions cases of the disease every year. 1 In many countries, e.g., Brazil, P. vivax is the most common species, where it caused 76.8% of the 405,051 cases reported in 1997. 2 In spite of being highly prevalent in many parts of the world, the immunologic mechanisms operating in individuals exposed to P. vivax are poorly understood. We have characterized serum antibody and T cell reactivity of individuals from northern Brazil recently exposed to P. vivax malaria with 11 recombinant proteins representing the N-and Cterminal regions of the merozoite surface protein 1 of P. vivax (PvMSP1). 3 We found that a high frequency of individuals had IgG antibodies and T cell reactivity to at least one recombinant protein derived from PvMSP1. 3 The recombinant protein, which is based on the 19-kD C-terminal region of PvMSP1 (PvMSP1 19 ) containing the two epidermal growth factor (EGF)-like regions, was the most immunogenic during natural infection in humans. Antibodies or T cells of 83.8% of the individuals recognized this recombinant protein. 3 Furthermore, the antibody titers to the C-terminal region of PvMSP1 were higher than the titers to the N-terminal region. This high frequency of responders was also described in an independent survey performed in Papua New Guinea, where the sera of more than 80% of the individuals reacted with a recombinant protein representing PvMSP1 19 . 4 These immunoepidemiologic studies on naturally acquired immunity to the C-terminal of PvMSP1 are of particular importance since this region of MSP1 is being intensively studied as a candidate for development of a vaccine against malaria. 1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] We also found in our study that individuals with patent infection had significantly higher IgG antibody titers to the C-terminal region of PvMSP1 than individuals treated for malaria 1-4 months before, suggesting that the antibody levels decreased rapidly after treatment. Based on this finding, the present study was designed to determine the persistence of antibody levels to the N-and C-terminal regions of PvMSP1 after infection with P. vivax in individuals from the city of Belém in the northern Brazil.
SUBJECTS, MATERIALS, AND METHODS

Subjects.
As described in an earlier study, 3 most (66.3%) of the residents of the city of Belém, state of Pará in northern Brazil are life-long residents and they were exposed to P. vivax-infected mosquitoes during short-term stays in regions surrounding the city where transmission occurs. Only cases of P. vivax are reported in these areas and low levels of transmission are observed throughout the year. At the end of the rainy season (June through August), a slightly higher number of cases are observed. These individuals reported to the Instituto Evandro Chagas (Belém, Pará, Brazil) for diagnosis and treatment. This made it possible to estimate precisely the number of malaria episodes.
This study was approved by the Committee of Ethics of the Federal University of São Paulo-Escola Paulista de Medicino. After verbal consent was provided, 5 ml of venous blood was collected from 99 individuals in non-heparinized tubes and used as a source of serum. At the time their blood samples were collected, they had patent P. vivax infections as determined by microscopic analysis of Giemsa-stained blood drops before treatment. These individuals initiated treatment for P. vivax malaria the same day the blood samples were collected. The standard treatment consisted of one oral dose of 600 mg of chloroquine and 30 mg of primaquine administered the day the diagnosis was made. These patients received daily doses of 30 mg of primaquine over the next six days. The mean Ϯ SD age of this group was 25.2 Ϯ 11.9 years and 70% were males. Blood samples of 36 individuals from this group were collected two months after treatment. At that time, these individuals did not present with patent P. vivax infections. The mean Ϯ SD age of these subjects was 25.6 Ϯ 13.3 years and 61.1% were males. It was not possible to evaluate the antibody response of a larger group of individuals or after that period since once cured, most of them refuse to donate blood samples a second time.
Recombinant PvMSP1 proteins. The N-and C-terminal regions of PvMSP1 from the Belém strain of P. vivax were expressed a glutathione S-transferase (GST) fusion proteins. The detailed construction of these fusion proteins has been described elsewhere. 3, 16 The recombinant protein ICB2-5 contains 506 amino acids located at the N-terminal region of PvMSP1. Protein PvMSP1 19 encodes 111 amino acids and contains the two EGF-like motifs described for the C-terminal region of other MSP1 molecules. 17 As a control, GST was produced alone. Recombinant proteins and GST were affinity purified on glutathione-Sepharose 4B columns (Pharmacia, Uppsala, Sweden), their purity was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the protein concentration was measured by the Bio-Rad (Hercules, CA) protein assay.
Immunoassays. Detection of antigen specific IgG antibodies by ELISA. Sera from 99 individuals were tested for reactivity with the PvMSP1 recombinant proteins by an ELISA. Microtiter plates (Costar, Cambridge, MA) were coated with 200 ng/well of affinity-purified fusion proteins or GST and incubated overnight at 4ЊC and washed three times with phosphate-buffered saline (PBS) plus 0.05% Tween-20. The plates were then blocked at 37ЊC for 2 hr with 5% nonfat milk in PBS. In the first test, serum samples were added to duplicate wells at dilution of 1:100. The sera that were positive for recombinant proteins ICB2-5 or PvMSP1 19 were titrated with subsequent two-fold serial dilutions up to 1:102,400. After incubation for 2 hr at room temperature, unbound material was washed away with PBS-0.05% Tween, and peroxidase-conjugated goat anti-human IgG (Fc specific) (Sigma, St. Louis, MO) diluted 1:10,000 was added to each well. In some experiments we used peroxidase-conjugated goat anti-human IgM (Sigma) diluted 1: 4,000. After a 1-hr incubation at room temperature, excesslabeled antibody was removed by washing with PBS-0.05% Tween, and the reaction was developed with o-phenylenediamine (Sigma). Plates were read at 492 nm on an ELISA reader (Multiskan MS; Labsystems, Helsinki, Finland). All optical density values at 492 nm (OD 492 ) represent binding of IgG to the recombinant protein after subtraction of binding of the same serum to GST alone. Each serum was tested in duplicate and the OD 492 values were averaged. Cut-off points were set at 3 SD above the mean OD 492 value of sera from 30 healthy individuals from the city of São Paulo who were never exposed to malaria.
Enzyme-linked immunosorbent assay to identify antigenspecific antibodies of distinct IgG subclass. This ELISA was performed as described earlier except that subclass-specific, mouse anti-human IgG monoclonal antibodies (MAbs) were used as the second-step reagent. These MAbs recognize human IgG1, IgG2, IgG3, or IgG4 (Sigma) and were diluted 1:8,000 in PBS-5% nonfat milk. After incubation for 1 hr at room temperature, the plates were washed with PBS-0.05% Tween and peroxidase-labeled anti-mouse IgG heavy and light chain (Kirkegaard and Perry, Gaithersburg, MD) was added at a final dilution of 1:4,000. The plates were washed with PBS-0.05% Tween and developed as described earlier.
The OD 492 values represent binding of each subclass of IgG to the recombinant protein after subtraction of binding of the same serum to GST alone. Only serum samples that had IgG specific for recombinant proteins ICB2-5 or PvMSP1 19 were tested in this assay. Each serum was tested in duplicate and the OD 492 values were averaged. Cut-off points were set at 3 SD above the mean OD 492 value of sera from 10 healthy individuals from the city of Sao Paulo who were never exposed to malaria.
Statistical analysis. Kruskal-Wallis one-way analysis of variance, McNemar comparison of proportions, and a chisquare test were performed using the True Epistat software package (Dr. Tracy L. Gustafson, Richardson, TX).
RESULTS
In earlier studies, we observed that the IgG antibody titers to the C-terminal region of PvMSP1 were higher in serum samples from individuals with patent infections than in the sera from individuals treated for malaria 1-4 months earlier. 3 To determine precisely whether there was a significant decrease in antibody titers after treatment, the sera of 99 individuals were collected during patent infection. Two months after treatment, we obtained blood samples from 36 of these individuals. Their IgG antibody titers were determined by ELISA using PvMSP1 19 antigen, which contained the C-terminal 111 amino acids representing the two EGF-like regions of PvMSP1. We also used a recombinant protein containing amino acids 170-675 of the N-terminal region of PvMSP1 (Belém strain) (ICB2-5) to compare the immune response to the N-and C-terminal regions of PvMSP1.
As shown in Figure 1 , the proportions of individuals with patent infections who recognize proteins ICB2-5 or Pv-MSP1 19 were 63.8% and 75%, respectively. After treatment, there was a significant reduction in the frequency of responders. The proportions of responders to proteins ICB2-5 and PVMSP1 19 were reduced to 38.9 % and 47.2%, respectively, demonstrating that some of the individuals became serologically negative in a period of two months after contact with the parasite (P ϭ 0.0175 and P ϭ 0.0065 to ICB2-5 and PvMSP1 19 , respectively, by McNemar comparison of proportions). When sera from individuals who recognized each recombinant protein were titrated, we observed that in individuals with patent infections, antibody titers to proteins ICB2-5 and PvMSP1 19 were significantly higher than antibody titers of serum samples collected after treatment. While the decrease in antibody titers to protein ICB2-5 was barely significant (P ϭ 0.038, by Kruskal-Wallis one-way analysis of variance), the reduction in antibody titers to PvMSP1 19 was very dramatic (P ϭ 0.0058). These results also confirmed our earlier observation that IgG antibody titers to PvMSP1 19 were higher than titers to protein ICB2-5 in individuals exposed to malaria. 3 Among individuals who responded to protein ICB2-5, 43.5% became negative in a period of two months following treatment. Their antibody titers decreased by more than 13.6-fold (Table 1 , Group 1). A total of 39.1% of the individuals had mean Ϯ SD decreases in their antibody titers of 11.3 Ϯ 6.6-fold (Group 2). Only 17.4% of individuals had their antibody titers maintained or increased during that period (Group 3). However, it is noteworthy that these individuals ) . B, antibody titers of each individual represent the last dilution that had an OD 492 higher than 0.1 OD/ml after subtraction of binding of the same serum antibodies to glutathione-S-transferase alone. The results of statistical analysis determined that during patent infection, antibody titers to proteins ICB2-5 and PvMSP1 19 were higher than after treatment (P ϭ 0.038 and P ϭ 0.0058 for ICB2-5 and PvMSP1 19 , respectively, by Kruskal-Wallis one-way analysis of variance). had relatively low antibody titers ranging from 1:200 to 1: 400.
As shown in Table 2 , among individuals who responded to PvMSP1 19 We subsequently evaluated whether there was a decrease in specific subclasses of IgG. In sera collected from individuals with patent infections, IgG1 and IgG3 were the predominant subclasses that recognized protein ICB2-5 ( Figure  2A ). Only 8.7% or 14% of the individuals had IgG2 or IgG4 antibodies specific for this polypeptide, respectively. We then compared the frequency of responders during patent infection and after treatment and found that a significant (Ն FIGURE 2. Frequency of individuals with antibodies of distinct subclass of IgG during patent infection and after treatment. The ELISA was performed using subclass-specific, anti-human IgG1, IgG2, IgG3, or IgG4 mouse monoclonal antibodies. Only serum samples that had total IgG specific for proteins ICB2-5 or PvMSP1 19 were tested in this assay. The percentage of responders was calculated as those serum samples that presented optical density at 492 nm (OD 492 ) values 3 SD above the mean OD 492 obtained from serum samples of 10 healthy individuals who were never exposed to malaria. Serum samples were tested at a dilution of 1:1 00. The OD 492 values represent binding of IgG to the recombinant (Rec.) protein after subtraction of binding of the same serum to glutathione-Stransferase alone. The cut-off values for each recombinant protein were 0.007, 0.960, 0.012, and 0.10 for ICB2-5 IgG1, IgG2, IgG3, and IgG4, respectively, and 0.074, 0.503, 0.037, and 0.100 for PvMSP1 19 IgG1, IgG2, IgG3, and IgG4, respectively. A, ICB2-5. The frequency of responders with IgG1 or IgG3 was higher during the infection than after treatment (P Ͻ 0.001 in both cases, by McNemar comparison of proportions). B, PvMSP1 19 . The frequency of responders with IgG1, IgG2, IgG3, or IgG4 was higher during the infection than after treatment (P Ͻ 0.001 in all cases). 50%) proportion of individuals became negative after treatment. The frequency of individuals with specific IgG1 or IgG3 decreased significantly (P Ͻ 0.001). In contrast, the frequency of individuals with IgG2 or IgG4 did not change.
When the same type of analysis was performed with sera from individuals who responded to PvMSP1 19 , we found that IgG1 and IgG3 were also the predominant subclasses of antibodies during patent infection ( Figure 2B ). However, significant proportion of individuals also had IgG2 or IgG4 antibodies. The comparison of the proportion of responders during patent infection and after treatment showed that all frequencies obtained from the second group were lower (P Ͻ 0.001). In the case of IgG1, we observed that the frequency of responders did not decrease as much as with the other subclasses.
The rapid decrease in IgG antibody response to recombinant proteins of PvMSP1 could be explained if these individuals had an impaired secondary antibody response during the second or third episodes of malaria. This hypothesis could be tentatively tested by two approaches. First, we determined the frequency of sera that had specific IgM antibodies in individuals in their first, second, or third episode of the disease. Later, we studied whether there was a boosting effect that would generate a higher antibody titer during the second or third P. vivax infection. For that purpose, we divided the sera of the 99 individuals according to the number of malaria episodes and determined the frequency of sera containing specific IgM or IgG antibodies. We also determined the titers of IgG antibodies specific for recombinant proteins ICB2-5 and PvMSP1 19 .
As shown in Figure 3 , we found that the frequency of serum samples containing IgM specific for PvMSP1 19 was higher in individuals during their first malaria episode when compared with individuals during their second or third infection (P Ͻ 0.001). In parallel, we observed that the titers of anti-PvMSP1 19 IgG antibodies in serum samples from individuals during the second or third episode of malaria were significantly higher than the titers of individuals during their first attack of the disease (P ϭ 0.009 or P ϭ 0.013, respectively). No difference was observed when we compared the antibody titers of individuals during the second and third episode of malaria.
The same type of analysis was performed using recombinant protein ICB2-5 as antigen. (Figure 4 ). We observed that more than 60% of the serum samples had IgM antibodies specific for ICB2-5 during first, second, or third patent P. vivax infection. This fact had been previously noted in longitudinal immunoepidemiologic studies carried out in a different endemic area of Brazil. 18 When we compared IgG antibody titers to ICB2-5, we found that individuals in their second or third episode of malaria did not have higher antibodies titers than subjects during their first episode of the disease. In fact, individuals in their third episode of the disease had lower IgG antibody titers (P Ͻ 0.05).
DISCUSSION
In the present study, we evaluated the persistence of antibody responses to recombinant proteins representing the Nand C-terminal regions of the MSP1 of P. vivax in individuals from the city of Belém in the state of Pará in Brazil who had been naturally infected with P. vivax malaria. In spite of the fact that we compared antibody titers within two months of infection, specific IgG antibodies to both recombinant proteins decreased significantly in that period in the majority of the individuals. This is the first description of the persistence of the antibody response to PvMSP1 or to any other antigen from P. vivax. Previous studies on the longevity of immunity to recombinant proteins of P. falciparum MSP1 also reported that during the period of low transmission, the frequency of responders and the level of antibodies were significantly lower. 19 However, this report used only recombinant proteins representing the N-terminal region of PfMSP1 and similar studies involving the C-terminal region have yet to be done.
The rapid decrease in serum antibody levels to PVMSP1 FIGURE 3. Frequency and antibody titers to PvMSP1 19 in individuals during the first, second, or third episode of Plasmodium vivax malaria. Ninety-nine individuals were grouped according to the number of times they had a P. vivax patent infection. The number of individuals of each group was 62, 27 and 10, for one, two, or three episodes of malaria, respectively. The percentage of responders, cut-off values, and antibody titers were estimated exactly as described in Figure 1 . A, the frequency of sera from individuals in their first episode of malaria containing specific IgM antibodies was higher than in individuals in their second or third episode of the disease (P Ͻ 0.001, by chi-square test). B, there was a significant increase in the IgG antibody titers in individuals in their second or third episode of malaria when compared with individuals in their first episode of the disease (P ϭ 0.009 or P ϭ 0.013, for the second or third episode of the disease, respectively, by Kruskal-Wallis oneway analysis of variance). FIGURE 4. Frequency and antibody titers to recombinant protein ICB2-5 in individuals during the first, second, or third episode of Plasmodium vivax malaria. Ninety-nine individuals were grouped according to the number of times they had a P. vivax patent infection. The number of individuals belonging to each group was the same as described in Figure 3 . The percentage of responders, cutoff values and antibody titers were estimated exactly as described in Figure 1 . No statistically significant difference was observed among the frequency of positive sera in the different groups of individuals (A). There was no significant increase in the antibody titers in individuals in their first, second, or third episode of malaria (B). Individuals in their third episode of the disease had lower IgG antibody titers (P Ͻ 0.05).
in most individuals and perhaps to other malarial antigens contrasts with the slow decrease or maintenance of antibody levels in other diseases. For example, studies of the longevity of the antibody response to filamentous hemagglutinin and pertussis toxin carried out in patients that experienced an outbreak of Bordetella pertussis infection demonstrated that during the convalescent phase of the infection, the patients, as well as the hospital medical staff, had high antibody titers to both proteins. 20 However, these levels were dramatically reduced after a five-year period in patients that had no further contact with this pathogen, whereas the medical staff who continued to be exposed to this pathogen maintained the antibody levels to both proteins during this same five-year period. 20 Moreover, a single infection with smallpox virus generates antibody titers that can be detected for decades. 21 The reason why antibody production is differentially sustained after infection with distinct pathogens is currently unknown. Several parameters of the host immune response, as well as the nature of the infection, may influence the longevity of the antibody response. They include the persistence of the antigen on follicular dendritic cells, the generation of long-lived plasma cells, or reduced levels of plasma cells apoptosis. 21 Alternatively, T cells have been described as having a major role in controlling the survival of antigenspecific B cells (plasma cells and memory B cells). Through the interaction of CD40/CD40L, T cells rescue B cells from apoptosis during the initial phase of the immune response. 22 Subsequently, they drive the multiplication of B cells in the germinal centers and the isotype switch. Later, however, T cells can be implicated in the elimination of activated B cells by a Fas ligand (FasL)-mediated destruction. 23, 24 Some of these hypothesis are amenable to be tested in future studies.
To determine why antibody titers decrease after treatment, we initiated the evaluation of the interaction between B and T cells in the generation of antibody immune response to PvMSP1 during natural human infection with P. vivax. For that purpose, we determined the frequency of individuals with IgM antibodies specific for these recombinant proteins during the first, second, or third episode of the disease. We also studied whether the antibody titers in individuals at the time of their second or third episode of the disease were higher than in individuals during their first contact with the parasite.
We found that the antibody response to each recombinant protein representing different regions of PvMSP1 was unique. Only a small (Յ 20%) fraction of individuals had IgM antibodies specific for PvMSP1 19 during the second or third episode of the disease, whereas the frequency of individuals with IgM to recombinant ICB2-5 was high in all three groups. The observation that individuals were unable to switch the N-terminal-specific antibodies from IgM to IgG had been previously described in longitudinal studies performed in a distinct endemic area. 18 In addition, in the present study, we were unable to observe any evidence for a secondary antibody response to this polypeptide, further suggesting that the interaction between B and T cells during the immune response to the N-terminal region of PvMSP1 is dramatically impaired.
Both an impaired switch from IgM to IgG and the lack of memory cells can be explained by a deficient interaction of CD40/CD40L molecules. This interaction is known to be crucial for the antibody switch in humans because individuals who fail to express CD40L in activated T cells develop X-linked hyper-IgM. 25 Similarly, knockout mice that do not express CD40 or CD40L have a profound defect in the production of switched isotypes. 26, 27 The CD40/CD40L interaction is also implicated in the generation of memory B cells. 22 Therefore, it is possible that either CD40, CD40L, or both are not properly expressed after activation of B or T lymphocytes by the N-terminal region of PvMSP1.
The discrepancy observed in the antibody response to the N-and C-terminal regions of PvMSP1 may be due to the form of antigenic organization that they are presented to the immune system. Earlier studies have demonstrated that B cell activation is extremely dependent on antigen structure. 28 A highly repetitive form of the glycoprotein of vesicular stomatitis virus (VSV-G) expressed on the viral surface is an extremely potent activator of antigen-specific B cells in vivo. 28 In contrast, poorly organized forms of VSV-G, e.g., a soluble protein, are poor activators of B cells. Because proteolytic cleavage releases the N-terminal of MSP1, 29, 30 it is possible that this region of the molecule is presented to the immune system as a soluble protein (poorly organized antigen). On the other hand, MSP1 19 that is maintained on the parasite membrane during the entire process of invasion may be presented as an organized repetitive epitope leading to a stronger activation of B cells.
The rapid decrease in antibody levels in most individuals to PvMSP1 did not predict a reduction of antibody levels to other malarial antigens. Several donors treated for malaria who had became serologically negative to PvMSP1 had antibodies to other recombinant proteins generated from distinct genes 1 cloned from P. vivax (da Cunha MG, unpublished data). These results suggest that antibodies to Pv-MSP1 alone do not reflect the immune response to all bloodstage antigens of P. vivax. This fact is corroborated by findings that there is no correlation between the antibody levels to recombinant proteins ICB2-5 or PvMSP1 19 , and antibody titers to blood stages as detected by immunofluorescence. 31 Together, they suggest that immune responses to distinct antigens of P. vivax can be differentially regulated. Further studies are underway to dissect them. 
